Background: 5 -chloro-7-iodo-8-hydroxyquinoline (clioquinol) was used clinically three decades ago as an oral antiparasitic agent and to increase intestinal absorption of zinc in patients with acrodermatitis enteropathica, a genetic disorder of zinc absorption. Use of clioquinol was epidemiologically linked to subacute myelo-optic neuropathy (SMON), characterized by peripheral neuropathy and blindness, which affected 10,000 patients in Japan. Discontinuation of oral clioquinol use led to elimination of SMON, however, the mechanism of how clioquinol induces neurotoxicity is unclear. Materials and Methods: We tested the effect of clioquinol-metal chelates on neural crest-derived melanoma cells. The effect of clioquinol chelates on cells was further studied by electron microscopy and by a mitochondrial potential-sensitive fluorescent dye.
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Materials and Methods: We tested the effect of clioquinol-metal chelates on neural crest-derived melanoma cells. The effect of clioquinol chelates on cells was further studied by electron microscopy and by a mitochondrial potential-sensitive fluorescent dye.
Results: Of the ions tested, only clioquinol-zinc chelate demonstrated cytotoxicity. The cytotoxicity of clioquinolzinc chelate was extremely rapid, suggesting that its primary effect was (6, 7) . In order to determine the mechanism of clioquinol toxicity, chelates of clioquinol with common ions were prepared, and cytotoxicity was tested on neural crest-derived melanoma cells. Of the metals tested, only clioquinol-zinc chelate showed toxicity towards melanoma cells. Zinc chelates with other agents, such as penicillamiine and 1, 1 0-phenanthroline, showed no cytotoxicity. The rapid course of cytotoxicity seen in the presence of clioquinolzinc chelate suggested that the target of toxicity was the mitochondria. Using mitochondrial-specific dyes, clioquinol-zinc chelate was found to cause a rapid decrease in mitochondrial membrane potential. Because clioquinol has been shown to cause increased systemic levels of zinc in humans due to formation of clioquinol-zinc chelate, and clioquinol-zinc chelate is a mitochondrial toxin, clioquinolzinc chelate is a likely cause of SMON.
Materials and Methods
Cell Culture MMAN is a human melanoma cell line originating in this laboratory, originally derived from a lymph node metastasis (8) . MMAN cells were maintained in Dulbeccos modified Eagle medium (DMEM; Sigma Chemical Co., St. Louis, MO) supplemented with 10% fetal calf serum (Hyclone, Logan, UT), penicillin, and streptomycin. Cells were subcultured weekly at a ratio of 1:4. A stock solution of 1 mg/ml 5-chloro-7-iodo-8-hydroxyquinoline (Sigma) was prepared by reconstituting the drug in absolute ethanol or dimethylsulfoxide. Cells were grown in DMEM supplemented with 5%o fetal calf serum. Zinc chloride, calcium chloride, magnesium sulfate, and copper sulfate were reconstituted as a 50-mM stock solution in water and filter sterilized prior to use. Solutions of clioquinol and aqueous ion solutions were mixed together prior to addition of media to allow for optimal chelate formation.
Cell Survival Assay Ten thousand MMAN cells were plated in 24-well dishes. Twenty-four hours after plating, media were replaced with media containing clioquinol alone at a concentration of 7.5 ,ug/ml, zinc chloride at 50 ,uM, the combination of both drugs, or vehicle alone (control cells). After 24 hr of treatment, cells were counted using a Coulter counter (Hialeah, FL). Each experimental treatment was performed in triplicate.
Electron Microscopy
Cells for electron microscopic studies were grown in 35-mm plastic petri dishes and treated with test compounds for 24 hr. All steps were performed at room temperature unless otherwise noted. The cells were fixed for 45 min in K(II fixative (2.5% glutaraldehyde, 2% formaldehyde, 0.025% CaCl2 in a 0.1 M cacodylate buffer, pH 7.4) and washed in buffer. The cells were then post-fixed with 1.2% osmium tetroxide in collidine buffer for 1 hr, dehydrated in graded ethanol solutions, stained en bloc with 2% uranyl acetate, infiltrated with ethanol/epon mix- (10) . Cells were treated with vehicle, clioquinol alone (7 [kg/ml), zinc alone (50 ,tM ZnCl2), and clioquinol-zinc (7 ,ug/ml clioquinol/50 ,M ZnCl2) at 370C for 30, 60, and 90 min. At the end of incubation, chambers were mounted on the microscope stage of an inverted confocal laser scanning microscope (LSM41O0, Zeiss, Gottingen, Germany) equipped with an external argon-krypton laser. Images from representative fields of the different treatment conditions were taken under identical contrast and brightness settings to allow for semiquantitative comparison of the mitochondrial fluorescence intensities. Images were printed with a Fujix Pictrography 3000 color printer (Fujifilm, Tokyo, Japan) using Adobe Photoshop software (Adobe Systemis, Mountain View, CA).
Statistics
Significant differences between two groups were determined using an unpaired, two-tailed Student's t test. Results are expressed as the mean ± SEM. 
Results
Clioquinol-ion chelates were formed with ions common in the intestine. These ions include zinc, calcium, magnesium, and copper. Only clioquinol-zinc chelate demonstrated appreciable cytotoxicity to melanoma cells, and this toxicity appeared to be at least additive, as it occurred at a concentration at which zinc alone or clioquinol alone had little cytotoxicity (Fig. 1) . Chelates.of clioquinol with calcium, magnesium, or copper did not cause appreciable cytotoxicity, nor did zinc in the presence of other chelators such as penicillamine or 1,10 phenanthroline (data not shown). The cytotoxicity observed by treatment with clioquinol-zinc chelate was irreversible when the melanoma cells were replated in the absence of chelate.
In order to further study the morphologic changes induced by clioquinol, zinc, and the combination of both compounds, electron microscopy of MMAN cells was performed. The combination of zinc and clioquinol caused mitochondrial swelling, an increase in melanosomes, lipid droplet accumulation, hydropic vacuolization, and nuclear changes consistent with necrosis (Fig. 2) . This cytotoxicity took place at doses The rapid onset of action of clioquinol-zinc chelate and the changes visible on electron microscopy suggested that the target of this chelate might be the mitochondria. In order to confirm this, melanoma cells were incubated in the presence of a mitochondrial potential-dependent dye. Cells incubated in the presence of clioquinol-zinc chelate showed nearly complete loss of mitochondrial potential after 90 min of incubation (Fig. 3) . Cells incubated in the presence of vehicle alone, clioquinol alone, or zinc alone showed no loss of mitochondrial potential (Fig. 3) . Discussion 8-hydroxyquinolines are compounds that have had wide oral and topical use. Oral clioquinol has been used as an antiparasitic agent and for the treatment of acrodermatitis enteropathica, a genetic disorder of zinc absorption (1) (2) (3) (4) (5) (6) . Oral use of this agent has diminished in recent years because of the epidemiologic association of oral clioquinol with subacute myelo-optic neuropathy (SMON), a neuropathy associated with paresthesias and gait disturbances, as well as retinal toxicity (1) (2) (3) (4) (5) (6) . Despite intensive study, the mechanism of how clioquinol causes neurotoxicity has not been elucidated.
In order to cause neurotoxicity, clioquinol must be converted to a lipophilic compound that can be orally absorbed and can enter neuronal tissue. Metabolism is an unlikely pathway as clioquinol is metabolized to its glucuronide and sulfate, which is not lipophilic and is readily excreted (1 1, 12) . The compound must also demonstrate greater toxicity to intact cells than clioquinol itself. Magnesium-clioquinol chelate has been reported to cause mitochondrial uncoupling in cell-free systems (13, 14) , but we observed no cytotoxicity of magnesium-clioquinol chelate in intact cells. Finally, the clioquinol derived toxin must be present in humans. The chelate of clioquinol with zinc ions fulfills all of these criteria. Clioquinol-zinc chelate shows rapid cytotoxicity to human cells and is lipophilic. Zinc ions have been shown to alter the conformation and to inhibit the biologic activity of neuropeptides related to neuronal survival, including nerve growth factor (15) . The combination of mitochondrial toxicity observed in this study and the inhibition of nerve growth factor activity seen in the presence of zinc makes zinc a likely culprit in SMON. Clioquinol-zinc chelate has been demonstrated to be present in humans by virtue of correction of the zinc deficit in acrodermatitis enteropathica, and it has been demonstrated to facilitate uptake and distribution of zinc to neuronal tissues (11, 16) . This is the first report showing that clioquinol-zinc chelate, which was of benefit in the treatment of zinc deficiency, is also a potent mitochondrial toxin. Thus, clioquinol-zinc chelate fulfills all of the criteria of a cause for SMON.
